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============

Leptonic transitions of *B* mesons are the simplest weak decay class as the final-state particles do not have $\documentclass[12pt]{minimal}
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                \begin{document}$$SU(3)_{\mathrm{C}}$$\end{document}$ colour quantum numbers. Consequently, the whole hadron dynamics is described by a single parameter, the *B*-meson decay constant$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \langle 0|{\overline{u}}\gamma _\mu \gamma _5 b|B^-(p)\rangle = i f_{B^-} p_\mu , \end{aligned}$$\end{document}$$which can be determined through lattice-QCD methods. While leptonic decays of neutral *B* mesons are rare processes originating from flavour-changing neutral currents, those of charged mesons, $\documentclass[12pt]{minimal}
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                \begin{document}$$B^-\rightarrow \ell ^-{\bar{\nu }}_\ell $$\end{document}$, are caused by charged-current interactions (with $\documentclass[12pt]{minimal}
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                \begin{document}$$\ell =e, \mu , \tau $$\end{document}$). Within the Standard Model (SM), the branching ratio takes the following form:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} {{\mathcal {B}}}(B^-\rightarrow \ell ^-{\bar{\nu }}_\ell )|_{\mathrm{SM}}=\frac{G_\mathrm{F}^2}{8\pi } |V_{ub}|^2M_{B^-}m_\ell ^2\left( 1-\frac{m_\ell ^2}{M_{B^-}^2}\right) ^2f_{B^-}^2\tau _{B^-}, \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
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                \begin{document}$$G_{\mathrm{F}}$$\end{document}$ is Fermi's constant, $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau _{B^-}$$\end{document}$ the lifetime of the $\documentclass[12pt]{minimal}
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                \begin{document}$$m_\ell $$\end{document}$ are the $\documentclass[12pt]{minimal}
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                \begin{document}$$B^-$$\end{document}$ and lepton masses, respectively, and the neutrino mass has been neglected. This branching ratio is suppressed by the Cabibbo--Kobayashi--Maskawa (CKM) element $\documentclass[12pt]{minimal}
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                \begin{document}$$V_{ub}$$\end{document}$, and exhibits a helicity suppression, which is reflected by the proportionality to $\documentclass[12pt]{minimal}
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                \begin{document}$$m_\ell ^2$$\end{document}$. Using $\documentclass[12pt]{minimal}
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                \begin{document}$$f_{B^-}=0.186 \pm 0.004 ~\hbox {GeV}$$\end{document}$ \[[@CR1]\] and assuming the SM with \[[@CR2]\]$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} |V_{ub}|=(3.601\pm 0.098)\times 10^{-3}, \end{aligned}$$\end{document}$$we obtain$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} {{\mathcal {B}}}(B^-\rightarrow \tau ^-{\bar{\nu }}_\tau )|_{\mathrm{SM}}= & {} (7.92\pm 0.55)\times 10^{-5} \end{aligned}$$\end{document}$$ $$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} {{\mathcal {B}}}(B^-\rightarrow \mu ^-{\bar{\nu }}_\mu )|_{\mathrm{SM}}= & {} (3.56\pm 0.25)\times 10^{-7} \end{aligned}$$\end{document}$$ $$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} {{\mathcal {B}}}(B^-\rightarrow e^-{\bar{\nu }}_e)|_{\mathrm{SM}}= & {} (8.33\pm 0.58)\times 10^{-12}. \end{aligned}$$\end{document}$$In the case of $\documentclass[12pt]{minimal}
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                \begin{document}$$\ell =\tau $$\end{document}$, the helicity suppression is very ineffective due to the large $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau $$\end{document}$ mass. Consequently, despite the challenging $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau $$\end{document}$ reconstruction, the $\documentclass[12pt]{minimal}
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                \begin{document}$$B^-\rightarrow \tau ^-{\bar{\nu }}_\tau $$\end{document}$ mode could already be observed by the BaBar and Belle collaborations about a decade ago, with the current average by the Particle Data Group (PDG) given as follows \[[@CR3]\]:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} {{\mathcal {B}}}(B^-\rightarrow \tau ^-{\bar{\nu }}_\tau )= (1.09\pm 0.24)\times 10^{-4}. \end{aligned}$$\end{document}$$On the other hand, $\documentclass[12pt]{minimal}
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                \begin{document}$$B^-\rightarrow \mu ^-{\bar{\nu }}_\mu $$\end{document}$ and $\documentclass[12pt]{minimal}
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                \begin{document}$$B^-\rightarrow e^-{\bar{\nu }}_e$$\end{document}$ with their SM branching ratios in regimes of $\documentclass[12pt]{minimal}
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                \begin{document}$$10^{-11}$$\end{document}$, respectively, appear much more challenging to measure. Nevertheless, the Belle collaboration has recently performed a new search for the former channel, finding a $\documentclass[12pt]{minimal}
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                \begin{document}$$2.4\,\sigma $$\end{document}$ excess over the background \[[@CR4]\]:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned}&{{\mathcal {B}}}(B^-\rightarrow \mu ^- {\bar{\nu }}_\mu )\nonumber \\&\quad =(6.46\pm 2.22|_{\mathrm{stat}}\pm 1.60_{\mathrm{syst}})\times 10^{-7}\nonumber \\&\quad = (6.46 \pm 2.74)\times 10^{-7}. \end{aligned}$$\end{document}$$For the electronic channel, only an upper bound is available, which was obtained by the Belle collaboration in 2007 \[[@CR5]\]:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} {{\mathcal {B}}}(B^- \rightarrow e^- {\bar{\nu }}_e) < 9.8 \times 10^{-7} \, {(90 \% \,C.L.)}. \end{aligned}$$\end{document}$$Decays of *B* mesons into final states with $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau $$\end{document}$ leptons are receiving a lot of interest in view of experimental results which indicate possible signals of New Physics (NP), where the ratios $\documentclass[12pt]{minimal}
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                \begin{document}$$R_{D^{(*)}}$$\end{document}$ of the branching ratios of $\documentclass[12pt]{minimal}
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                \begin{document}$${\bar{B}} \rightarrow D^{(*)} \tau ^- {\bar{\nu }}_\tau $$\end{document}$ and $\documentclass[12pt]{minimal}
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                \begin{document}$${\bar{B}} \rightarrow D^{(*)} \mu ^- {\bar{\nu }}_\mu $$\end{document}$ decays are in the focus (see, for instance, Refs. \[[@CR6]--[@CR13]\] and references therein). The exciting feature is an indication of a violation of the universality between $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu $$\end{document}$. These results are complemented by measurements of the ratios of branching ratios of the rare decays $\documentclass[12pt]{minimal}
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                \begin{document}$$B\rightarrow K^{(*)} e^+e^-$$\end{document}$ which may signal a violation of the universality of muons and electrons in these processes (for recent overviews, see Refs. \[[@CR14], [@CR15]\]).

In this paper, we propose a new strategy to probe NP effects by utilising leptonic *B* decays and the interplay with their semileptonic counterparts. Both decay classes are actually caused by the same low-energy effective Hamiltonian. We will obtain constraints on short-distance coefficients using the Belle result in Eq. ([8](#Equ8){ref-type=""}) and address the question of how large the branching ratio of $\documentclass[12pt]{minimal}
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                \begin{document}$$B^0_{s,d}\rightarrow e^+e^-$$\end{document}$, which could be enhanced to the level of the $\documentclass[12pt]{minimal}
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                \begin{document}$$B^0_{s,d}\rightarrow \mu ^+\mu ^-$$\end{document}$ channels through new (pseudo)-scalar interactions \[[@CR16]\]. We shall also make predictions for various semileptonic decay ratios which will allow us to fully reveal the underlying decay dynamics, and extract $\documentclass[12pt]{minimal}
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                \begin{document}$$|V_{ub}|$$\end{document}$ while also allowing for NP contributions.

A subtle point is given by CP-violating phases which may be present in the short-distance coefficients of NP operators. As is well known from discussions of non-leptonic meson decays, CP-violating asymmetries arising directly at the decay amplitude level,$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} a_{\mathrm{CP}}\equiv \frac{{{\mathcal {B}}}({\bar{B}} \rightarrow {\bar{f}})-{{\mathcal {B}}}(B \rightarrow f)}{{{\mathcal {B}}}({\bar{B}} \rightarrow {\bar{f}}) +{{\mathcal {B}}}(B \rightarrow f)}, \end{aligned}$$\end{document}$$are induced by the interference between decay amplitudes with both non-trivial CP-violating and non-trivial CP-conserving phase differences \[[@CR17]\]. While the former originate from phases of CKM matrix elements in the SM or possible CP-violating NP phases, the latter could be generated through strong interactions or absorptive parts of loop diagrams. In the SM, the direct CP asymmetries vanish hence in (semi)-leptonic decays at leading order in the weak interactions while higher-order-effects can only generate negligible effects \[[@CR18]--[@CR21]\]. Due to the lack of sizeable CP-conserving phase differences, direct CP asymmetries ([10](#Equ10){ref-type=""}) of $\documentclass[12pt]{minimal}
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                \begin{document}$${\bar{B}}\rightarrow \rho \ell ^-{\bar{\nu }}_\ell $$\end{document}$ decays can also not take sizeable values in the presence of NP contributions. Consequently, we cannot get empirical evidence for such phases through possible direct CP asymmetries in such modes, in contrast to non-leptonic *B* decays where strong interactions are at work to generate strong phase differences. On the other hand, in the leptonic rare $\documentclass[12pt]{minimal}
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                \begin{document}$${\bar{B}}^0_q$$\end{document}$ mixing may induce CP-violating asymmetries, thereby indicating possible CP-violating NP phases \[[@CR22]\].
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                \begin{document}$${\bar{B}}\rightarrow \rho \ell ^-{\bar{\nu }}_\ell $$\end{document}$ processes have also been addressed in, e.g., Refs. \[[@CR23]--[@CR28]\].

The outline of this paper is as follows: after introducing briefly the theoretical framework in Sect. [2](#Sec2){ref-type="sec"}, we discuss the leptonic $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$B^-\rightarrow \ell ^-{\bar{\nu }}_\ell $$\end{document}$ decays in Sect. [3](#Sec3){ref-type="sec"}. The semileptonic $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\bar{B}}\rightarrow \pi \ell ^-{\bar{\nu }}_\ell $$\end{document}$ modes are analysed in Sect. [4](#Sec6){ref-type="sec"}, where we will also combine them with the leptonic constraints to obtain regions for short-distance coefficients. The hadronic form factors, which are required for the study of experimental data, are discussed in Appendix A. In both Sects. [3](#Sec3){ref-type="sec"} and [4](#Sec6){ref-type="sec"} we will also address the impact of CP-violating phases on the regions for the short-distance coefficients. Then, in Sect. [5](#Sec13){ref-type="sec"} we determine $\documentclass[12pt]{minimal}
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Theoretical framework {#Sec2}
=====================
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A prominent example of such NP contributions is the effect of charged Higgs bosons which arise in the context of type II Two-Higgs-Doublet-Models (2HDM) \[[@CR29]\], where$$\documentclass[12pt]{minimal}
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================================================================================================

Using the Hamiltonian in Eq. ([15](#Equ15){ref-type=""}) we obtain the following branching ratio for the leptonic decays \[[@CR31]\]:$$\documentclass[12pt]{minimal}
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                \begin{document}$$m_u$$\end{document}$ are quark masses which enter through the use of the equations of motion of the quark fields. To get a better understanding of the effect of the NP contributions to Eq. ([17](#Equ17){ref-type=""}), we rewrite this expression as$$\documentclass[12pt]{minimal}
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There is a subtlety related with Eqs. ([17](#Equ17){ref-type=""}) and ([18](#Equ18){ref-type=""}) when allowing for physics beyond the SM: the point is that the value of $\documentclass[12pt]{minimal}
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                \begin{document}$$|V_{ub}|$$\end{document}$ extracted from sophisticated analyses of semileptonic *B* decays (for an overview, see Ref. \[[@CR3]\]) may include NP contributions, thereby precluding us from calculating the SM branching ratio. In order to deal with this issue, our analysis will be based on the study of ratios of branching fractions.

Constraints on pseudoscalar NP coefficients from leptonic decay observables {#Sec4}
---------------------------------------------------------------------------

We start our analysis by determining bounds for the pseudoscalar Wilson coefficient $\documentclass[12pt]{minimal}
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Let us first assume that the NP short-distance coefficients $\documentclass[12pt]{minimal}
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As discussed in Sect. [2](#Sec2){ref-type="sec"}, an important NP scenario that leads to new pseudo-scalar effects in semileptonic decays is the 2HDM. It is instructive to have a closer look at the impact of this scenario on the ratio $\documentclass[12pt]{minimal}
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Implications of CP-violating phases {#Sec5}
-----------------------------------

Let us now explore the impact of CP-violating phases of the NP coefficients $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$C^{\ell }_P$$\end{document}$. To this end, we write$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} C^{\ell }_P=|C^{\ell }_P|e^{i\phi ^{\ell }_P}, \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\phi ^{\ell }_P$$\end{document}$ coincides with the CP-violating phase of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathcal {C}^{u}_{\ell ;P}$$\end{document}$ in Eq. ([20](#Equ20){ref-type=""}), and obtain$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} R^{\ell _1}_{\ell _2}=\frac{1+2|{{\mathcal {C}}}_{\ell _1;P}|\cos \phi _{\ell _1;P} + |{{\mathcal {C}}}_{\ell _1;P}|^2}{1+ 2|{{\mathcal {C}}}_{\ell _2;P}|\cos \phi _{\ell _2}+|{{\mathcal {C}}}_{\ell _2;P}|^2}. \end{aligned}$$\end{document}$$We may now convert the experimental value for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R^{\ell _1}_{\ell _2}$$\end{document}$ into a correlation between $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|{{\mathcal {C}}}_{\ell _1;P}|$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|{{\mathcal {C}}}_{\ell _2;P}|$$\end{document}$ for given combinations of the CP-violating phases $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\phi _{\ell _1}^u$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\phi _{\ell _2}^u$$\end{document}$:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned}&|{{\mathcal {C}}}_{\ell _1;P}|\nonumber \\&\quad = -\cos \phi _{\ell _1}\pm \sqrt{R^{\ell _1}_{\ell _2}\left[ 1+2 |{{\mathcal {C}}}_{\ell _2;P}|\cos \phi _{\ell _2} + |{{\mathcal {C}}}_{\ell _2}|^2 \right] - \sin ^2\phi _{\ell _1}}.\nonumber \\ \end{aligned}$$\end{document}$$Assuming real coefficients, i.e. $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\phi _\mu ^u, \phi _\tau ^u\in \{0^\circ ,180^\circ \}$$\end{document}$, yields$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} |{{\mathcal {C}}}_{\ell _1;P}| = \mp 1 \pm \sqrt{R^{\ell _1}_{\ell _2}}\biggl |1\pm |{{\mathcal {C}}}_{\ell _2;P}|\biggr |, \end{aligned}$$\end{document}$$which results in a linear correlation between $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|{{\mathcal {C}}}_{\ell _1;P}|$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|{{\mathcal {C}}}_{\ell _2;P}|$$\end{document}$.

Mapping Eq. ([27](#Equ27){ref-type=""}) to the observable $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R^{\tau }_{\mu }$$\end{document}$ leads to four unknown parameters: $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|C^{\mu }_P|$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\phi ^{\mu }_P$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|C^{\tau }_P|$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\phi ^{\tau }_P$$\end{document}$. Therefore, in order to study the correlation between $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|C_P^\mu |$$\end{document}$ and its complex phase $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\phi _P^\mu $$\end{document}$, we have to make an assumption for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|C_P^\tau |$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\phi _P^\tau $$\end{document}$. In the case of universal Wilson coefficients for muons and taus, satisfying the relation$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} C_P^\mu =C_P^\tau , \end{aligned}$$\end{document}$$we find$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \left( \frac{M_{B^-}}{m_b+m_u}\right) |C^{\mu }_P|=-a\pm \sqrt{a^2-b} \, \end{aligned}$$\end{document}$$with$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned}&a\equiv \left[ \frac{\frac{M_{B^-}}{m_\tau }-R^{\tau }_{\mu } \frac{M_{B^-}}{m_\mu }}{\left( \frac{M_{B^-}}{m_\tau }\right) ^2- R^{\tau }_{\mu }\left( \frac{M_{B^-}}{m_\mu }\right) ^2}\right] \cos \phi ^{\mu }_P, \nonumber \\&b=\frac{1 - R^{\tau }_{\mu }}{\left( \frac{M_{B^-}}{m_\tau }\right) ^2-R^{\tau }_{\mu }\left( \frac{M_{B^-}}{m_\mu }\right) ^2}. \end{aligned}$$\end{document}$$The resulting correlation is shown in Fig. [3](#Fig3){ref-type="fig"}.

On the other hand, assuming$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} C_P^\mu =C_P^e, \end{aligned}$$\end{document}$$yields the constraint from $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R^{e}_{\mu }$$\end{document}$ shown in Fig. [4](#Fig4){ref-type="fig"}. By looking at Figs. [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"}, we can see how the SM point $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|C^{\mu }_P| = \phi ^{\mu }_P = 0$$\end{document}$ is consistent with the constraints derived from the current data.Fig. 3New physics regions in the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\phi _P^\mu $$\end{document}$--$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|C_P^\mu |$$\end{document}$ plane, assuming flavour universality for the pseudoscalar Wilson coefficients of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu $$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tau $$\end{document}$ Fig. 4New physics regions in the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\phi _P^\mu $$\end{document}$--$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|C_P^\mu |$$\end{document}$ plane, assuming flavour universality for the pseudoscalar Wilson coefficients of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu $$\end{document}$ and *e*
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We may improve the constraints on the NP short-distance contributions if in addition to the leptonic processes described in Sect. [3](#Sec3){ref-type="sec"} we also include semileptonic decays caused by the transition $\documentclass[12pt]{minimal}
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The expressions for semileptonic decays have a more complicated structure than those for the leptonic modes due to the hadronic form factors used to calculate the transitions $\documentclass[12pt]{minimal}
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Let us start our study of semileptonic decays by analyzing the processes $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned}&\langle {{{\mathcal {B}}}({\bar{B}}\rightarrow \rho \ell ^- \bar{\nu }_{\ell })}\rangle _{[\ell =~ e, \mu ],~q^2\le 12~\mathrm {GeV}^2}\nonumber \\&\quad =(1.98 \pm 0.12) \times 10^{-4}. \end{aligned}$$\end{document}$$This allows us to introduce the following ratio as an alternative to the observables in Eq. ([37](#Equ37){ref-type=""}):$$\documentclass[12pt]{minimal}
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To conclude this section, we would like to obtain better insights into the structure of Eq. ([34](#Equ34){ref-type=""}). For the purpose of the discussion in the remainder of this section, it is convenient to define$$\documentclass[12pt]{minimal}
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Until now we have studied different leptonic and semileptonic constraints on the Wilson coefficient $\documentclass[12pt]{minimal}
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We may rewrite Eq. ([52](#Equ52){ref-type=""}) using the parameterization introduced in Eq. ([45](#Equ45){ref-type=""}), yielding$$\documentclass[12pt]{minimal}
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The tension with the SM found in Fig. [9](#Fig9){ref-type="fig"} is an interesting effect that we proceed to investigate in more detail. To this end, we consider the partition of the interval $\documentclass[12pt]{minimal}
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CP violation {#Sec12}
------------

Finally, we would like to study the implications of CP-violating phases once we combine the different leptonic and semileptonic constraints described at the beginning of this Section and in Sect. [3](#Sec3){ref-type="sec"}. Since the direct CP asymmetries defined in Eq. ([10](#Equ10){ref-type=""}) would take essentially vanishing values for the (semi)leptonic decays, we follow the approach introduced in Sect. [3.2](#Sec5){ref-type="sec"} for leptonic processes and explore the implications of new CP-violating phases in the short distance contributions, i.e. complex Wilson coefficients. Specifically, we analyse correlations between the norms and phases of the short-distance contributions, as well as between norms of different coefficients.
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Following any of the two methods described above leads to consistent results. This is actually not surprising since by adding $\documentclass[12pt]{minimal}
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We may also relax the universality condition for the light leptons. However, in order to use the experimental result in Eq. ([41](#Equ41){ref-type=""}), we have to make an assumption on the correlation between $\documentclass[12pt]{minimal}
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Predictions of branching ratios {#Sec14}
===============================

Here we provide predictions for branching ratios which have not yet been measured:$$\documentclass[12pt]{minimal}
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We have presented a detailed analysis of leptonic $\documentclass[12pt]{minimal}
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                \begin{document}$$|V_{ub}|$$\end{document}$. The point is that the values of this CKM parameter extracted from semileptonic decays assume the SM while we allow for NP contributions to these processes. Since the leptonic decays, which exhibit helicity suppression in the SM, play a key role in this endeavour, we focused on new (pseudo)-scalar operators which may lift the helicity suppression, thereby having a potentially dramatic impact on these modes.
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In order to further constrain the pseudoscalar NP coefficients, we employ the semileptonic $\documentclass[12pt]{minimal}
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The general low-energy effective Hamiltonian including NP effects has also a scalar operator which does not contribute to the $\documentclass[12pt]{minimal}
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Using the NP constraints, we could make corresponding predictions for decay observables which have not yet been measured. In particular, we find a potentially huge enhancement of the $\documentclass[12pt]{minimal}
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The method which we proposed and explored for decays caused by $\documentclass[12pt]{minimal}
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It will be very interesting to apply the strategy presented in this paper in the future high-precision era of *B* physics, thereby shedding more light on contributions of new (pseudo)-scalar operators and probing lepton flavour universality in yet another territory of the flavour physics landscape.

A: Hadronic form factors {#Sec16}
========================

In order to constrain the NP coefficients $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$C^\ell _S$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$C^\ell _P$$\end{document}$ through observables involving the semileptonic ratios $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${{\mathcal {B}}}(\bar{B}\rightarrow \rho \ell ^- \bar{\nu }_{\ell })$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${{\mathcal {B}}}(\bar{B}\rightarrow \pi \ell ^- \bar{\nu }_{\ell })$$\end{document}$, we need to estimate the non-perturbative contributions to the different branching fractions. Depending on the value of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$q^2$$\end{document}$, two approaches can be followed:QCD sum rules analyses, which apply to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$0 \le q^2 \le q^2_{max}$$\end{document}$, with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$q^2_{max}$$\end{document}$ inside the interval $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$[12,~16]~\mathrm {GeV}^2$$\end{document}$.Lattice QCD calculations, which provide results for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$q^2$$\end{document}$ close to the maximal leptonic momentum transfer. For $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$B\rightarrow \rho $$\end{document}$ transitions we consider the interval $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} q^2_{max} \le q^2\le (M_{B^0}-M_{\rho })^2=20.29~\mathrm {GeV}^2, \end{aligned}$$\end{document}$$ on the other hand, for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$B\rightarrow \pi $$\end{document}$ processes we use $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} q^2_{max} \le q^2\le (M_{B^0}-M_{\pi })^2=26.42~\mathrm {GeV}^2. \end{aligned}$$\end{document}$$
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In the helicity basis, the hadronic form factors are given by \[[@CR34], [@CR37]\]:$$\documentclass[12pt]{minimal}
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